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Abstract: The depolarization property of skin has been found to be important for skin cancer
detection. Previous techniques based on light polarization lack the capability of depth differentia-
tion. Polarization-sensitive optical coherence tomography (PS-OCT) has the advantage of both
depth-resolved 3D imaging and high sensitivity to polarization. In this study, we investigate the
depolarization property of skin tissue using PS-OCT, especially with the degree of polarization
uniformity (DOPU) contrast. Well designed skin phantoms with various surface roughness
levels and optical properties mimicking skin are imaged by PS-OCT and the DOPU values are
quantified. The result shows a correlation between DOPU and surface roughness, where a higher
roughness corresponds to a lower DOPU value. An index matching experiment with a water layer
confirms the impact of surface condition on light depolarization. Refraction of backscattered
photons on the surface boundary is attributed to the broadening of backscattering angle and thus
depolarization. To the best of our knowledge, this is the first time the impact of surface roughness
on DOPU is reported and its mechanism explained. Furthermore, through preliminary in vivo
skin imaging, the capability of DOPU in detecting depolarization in skin is demonstrated. By
utilizing the 3D imaging from PS-OCT, DOPU can offer a high-resolution depth differentiation
and quantification of depolarization in skin tissue.

© 2021 Optical Society of America under the terms of the OSA Open Access Publishing Agreement

1. Introduction

Skin cancer is one of the most prevalent forms of cancer in the western world. Its incidence rate,
treatment costs, and associated health burdens have been steadily increasing [1-2]. The major
types of skin cancer include basal cell carcinoma (BCC), squamous cell carcinoma (SCC), and
melanoma. BCC and SCC are also grouped together as non-melanoma skin cancers. Despite
making up approximately 1% of skin cancer cases, melanoma is responsible for a disproportionate
majority of skin cancer deaths [2]. Five-year survival rates for melanoma can be as high as
99% when detected early, but fall to 65% if the disease reaches the lymph nodes, and 25% after
metastasis to distant organs — underscoring the importance of early detection [3]. Unfortunately,
diagnosis of melanoma is often difficult because it visually resembles benign skin lesions such as
seborrheic keratosis (SK) [4]. The current gold standard for diagnosis is a biopsy, but it is an
invasive and uncomfortable procedure. One study showed that over 80% of biopsies ordered
by primary care providers were found to be benign, meaning that biopsies are often performed
when there is no cancer present [5]. Given this, developing a non-invasive and accurate tool for
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skin cancer detection is a topic of great interest. General visual indicators of melanoma include
changes in size, elevation, and color; irregular borders can also be a possible sign to differentiate
melanoma from benign lesions [6,7]. However, these features are generally qualitative and are
not always conclusive, making diagnosis difficult. In the cases where cancerous growths and
benign lesions are not readily distinguishable based on visual features, research has shown that
structural features such as tissue surface roughness can help differentiate growths that otherwise
appear similar [8]. A micro-topographical skin study has shown that both BCC and melanoma
samples examined had significantly different surface roughness values compared to healthy skin
and benign lesions [9]. However, as the surface roughness of a patient’s skin can be affected by
factors such as age, sex, and lifestyle, more studies in this area are necessary for a conclusive
correlation.

Light polarization techniques have been widely applied toward skin assessment, where
polarized light is shined on tissue and the polarization state of backscattered light is analyzed
[10]. Traditional polarization techniques involve rotating a linear polarizer in front of a detector
to sequentially detect the intensities in the parallel- and cross-polarization states, respectively
[11-15]. Jacques et al. [15] used a camera to record the backscattered light in the two polarization
states and then calculated a depolarization ratio image by subtracting their intensities. They
showed that the depolarization ratio image enhanced the contrast between healthy skin and lesions.
Nevertheless, the sequential acquisition was sensitive to temporal fluctuations such as light source
instability and motion artifacts. Tchvialeva et al. [16] improved this approach by recording
the parallel- and cross-polarization signals simultaneously using two detection channels. They
obtained the speckle difference image from the two simultaneously acquired speckle images
without the influence of temporal fluctuations. By analyzing the spatial distribution of the
depolarization ratio in the speckle difference image, it performed well in differentiating benign
lesions from various cancerous lesions. However, they still had difficulty in differentiating
melanoma from benign nevus.

Another polarization-based technique is Stokes polarimetry, where a full Stokes vector can
be measured by varying the input light polarization and analyzing the corresponding output
polarization [17,18]. Degree of polarization (DOP) is calculated from the Stokes vector, which
quantifies the percentage of the polarized light intensity over the total intensity. Louie et al.
[17] developed a Stokes polarimetry probe using both linear and circularly polarized incident
light, and four photodetectors equipped with film polarizing filters. They found that higher
surface roughness was associated with a lower DOP. In their study, melanoma, which showed
a higher DOP than benign nevus, was successfully differentiated from all other types of skin
lesions studied, but their sample size (5 melanoma) was small for a statistical investigation.
Ghassemi et al. developed a Stokes imaging polarimetry that captured Stokes vector images at
16 different azimuth illumination angles by sequential measurements [18]. They quantified the
dependence of DOP and the principle angles of polarization ellipses on the illumination angle
and preliminarily demonstrated an ability to differentiate melanoma from benign lesions. They
reported that melanoma has a lower DOP compared to benign nevus, which is opposite from the
findings in Ref. [17]. The contradictory findings in those studies is possibly due to their different
approaches and the different stages of melanoma being observed [6,19]. Other than surface
roughness, melanosomes have also been found to depolarize light due to their non-spherical
shape. A high concentration of melanin in the retinal pigment epithelium (RPE) layer has been
reported to cause polarization scrambling in retinal imaging [20]. Thus, a high concentration of
melanin could also affect DOP in skin lesions. While the above polarization techniques show
promise, a major limitation is the lack of depth resolution, where they cannot differentiate the
backscattered signals coming from the tissue surface versus that from the sub-surface layers (e.g.
locally concentrated pigments).
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Optical coherence tomography (OCT) is a non-invasive 3D imaging modality that can offer
volumetric information with a high spatial resolution (3-15 um) and penetration up to 1.5 mm
[21,22]. OCT has great clinical success as an ophthalmic diagnostic tool, while it has also
attracted attention for its potential in skin imaging, providing both surface profile and volumetric
depth-resolved tissue information simultaneously [23]. Due to its ability to assess the 3D
morphology of tissues, conventional OCT has assisted physicians in detecting BCCs. Cross-
sectional OCT images have been assessed qualitatively for indicators of skin cancer such as
protrusions into the dermis, rupturing of the dermo-epidermal junction, and cyst-like structures
in the dermis [24]. However, as conventional OCT only utilizes the intensity of backscattered
signals, it has encountered difficulty in detecting melanoma [25].

Polarization-sensitive OCT (PS-OCT) is a functional extension of OCT that can simultaneously
provide multiple contrasts such as phase retardation, optic axis, and degree of polarization
uniformity (DOPU), in addition to conventional intensity signal [26]. Phase retardation and
optic axis contrasts are related to the tissue birefringence properties, which are sensitive to the
collagen organization in skin. DOPU contrast can quantify polarization scrambling within small,
selected volumes, and a higher DOPU value usually correlates with a higher DOP [27]. In
PS-OCT imaging, DOPU contrast is depth-resolved and can generate 3D images that represent
the depolarization effects from different locations and structures in a sample. Considering the
enhanced sensitivity offered by polarization properties, imaging skin with PS-OCT has garnered
attention [28-32]. Many early investigations of skin imaging by PS-OCT were mainly focused
on phase retardation and optic axis contrasts, which studied the collagen organization in skin
[28-30]. Following this, further attention has been spent on BCC detection, in which collagen
degeneration can be assessed by a reduction in tissue birefringence [33]. Duan et al. developed
an automated classifier using features from the scattering intensity and birefringence (usually
lower in tumours due to collagen disruptions) measured by PS-OCT to detect ex-vivo BCC with a
sensitivity and specificity of over 90% [34]. The same group expanded their work to a clinical
setting and reported sensitivity and specificity values of over 95% [35]. However, their methods
mainly focused on birefringence properties, which could be similar between melanoma and other
non-melanoma lesions. When imaging thick skin, random optic axis and phase retardation were
observed in stratum corneum (SC), the first layer in epidermis [30]. Such random polarization
properties were further assessed by the DOPU images, where a depolarizing band with low
DOPU was observed in the same region [31-32]. This was explained as the inhomogeneity in
SC [31]. To the best of our knowledge, few studies have applied PS-OCT toward melanoma
detection, and especially the potential of DOPU for characterizing the depolarization properties
of tissue has not been fully utilized.

We propose to assess polarization and depolarization properties of skin tissue using PS-OCT,
especially with the DOPU contrast. PS-OCT combines the advantages of volumetric imaging
capabilities of OCT with the contrast provided by polarization measurements. As a depth-resolved
imaging, the DOPU contrast from PS-OCT has the potential to differentiate depolarization from
different regions. In this study, well designed skin phantoms with various surface roughness
levels and optical properties resembling skin will be studied by DOPU. The impact of surface
roughness on DOPU will be analyzed and quantified in details. Human skins with different
superficial conditions are also imaged to demonstrate the clinical potential of DOPU in skin
assessment.

2. Materials and methods

2.1. Sample preparation

Four rough skin phantoms with different bulk optical properties (labelled as P1 to P4) were
constructed as per a previously published recipe [36]. On each phantom, seven different regions
with controlled surface roughness levels (labelled as R1 to R7) were constructed by curing the
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resin mixture over a metal roughness comparator (Microsurf #334 comparator, Rubert & Co
Ltd., Cheadle, United Kingdom). The roughness levels were validated by an optical profilometer
(Wyko NT2000, Veeco, Tucson, Arizona) with an axial resolution of 0.05 um, lateral resolution
of 0.5 um, and standard error of 10%. The fabricated root mean square (RMS) roughness levels
of the phantoms are 1.1, 2.2, 4.5, 9, 18, 34, and 68 um for R1 to R7, respectively. Table 1 lists
the absorption and reduced scattering coefficients [17,36].

Table 1. Bulk optical properties of the rough skin phantoms

Absorption coefficient u, (mm™) Reduced scattering coefficient u; (mm™1)
Phantom P1 0.28+0.02 0.50+0.01
Phantom P2 0.09 +0.02 1.29+0.05
Phantom P3 0.17+0.02 0.78 £0.14
Phantom P4 0.09 +0.02 0.55+0.02

2.2. PS-OCT imaging and DOPU contrast

All images were acquired by a custom-built Jones-matrix-based PS-OCT system previously
described in Ref. [37]. The system uses a swept-wavelength laser source (Axsun Technology Inc.,
MA), with a center wavelength of 1.06 pum, full-width-at-half-maximum (FWHM) bandwidth of
111 nm, and scanning width of 123 nm. The sweeping rate of the light source is 100 kHz and
the average output power is 30 mW. The sensitivity of the PS-OCT system is 92 dB. The lateral
resolution is ~19.2 um and the axial resolution is ~8.1 pm in air. In B-scan image, each pixel is
~9.7um X 3.6 um (in tissue) in horizontal X axial directions, respectively. Using the PS-OCT
system, co-registered OCT intensity image and DOPU image are acquired simultaneously from
3D volumetric scans. Each volume is recorded in 10 seconds.

The Stokes vector S is calculated from the complex OCT output signals obtained from a
polarization detection unit, E(z) and Eg(z), which correspond to the signals in the parallel and
perpendicular polarizations, respectively.

|Es (2)]* + |Eg ()|
_ |EA 2)I* - |Es ()| W
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As OCT is a coherent technique, DOPU detects depolarization by quantifying the spatial
fluctuation of the Stokes vector [26-27]. With the capability of detecting the polarization
scrambling caused by melanin, DOPU was originally applied toward selective visualization of
the RPE layer in the retina. DOPU is defined based on the Stokes parameters as:

DOPU = +/0? + U2 + V2 2)

where (Q,U, V) = (% 2 %, Ly %", % 2 IK:) and i indicates the i-th pixel within a spatial
kernel of N pixels by which DOPU is defined. Since OCT is based on a coherent detection
mechanism, the light detected from a single speckle is always fully polarized. However, for the
scattered signals from a depolarizing medium, the polarization states may vary spatially, where
the complex signals from adjacent speckles are usually random, or mathematically uncorrelated.
DOPU is a quantification for such spatial variations of polarization states. In our study, a kernel
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size of 3 pixels (horizontal) x 2 pixels (axial) that corresponds to 29 um X 7 um is applied.
DOPU values range from 0 to 1. A DOPU of 1 means that the polarization states among the
neighbouring pixels are uniform, indicating that there is no polarization scrambling. When the
DOPU value is close to 0, there are significant spatial fluctuations in the polarization states of the
backscattered light among neighbouring pixels, indicating high polarization scrambling and thus
depolarization from that area of tissue.

2.3. Depth-resolved DOPU imaging and impact of surface roughness

OCT is an interference technique that detects backscattered light within the coherence length of
the light source. Therefore, the DOPU imaging in PS-OCT is depth-resolved which can detect
depolarization from different locations. In tissue, multiple mechanisms can cause depolarization
[10]. Scattering from non-spherical particles causes depolarization because the parallel and
perpendicular polarizations have different scattering efficiencies [38]. A rough surface can cause
depolarization due to reflection and refraction on the boundary [17,39—40]. Based on the 3D
imaging capability of DOPU, it is possible to separate where the scattering and depolarization is
coming from.

Figure 1 illustrates the principle of signal detection in DOPU from a layered tissue structure.
Figure 1(a) shows a DOPU image of retina where the RPE layer shows low DOPU (yellow
band). Figures 1(b) and 1(c) show the detection of backscattered light through a flat and a rough
surface, respectively. Figure 1(d) illustrates the pattern of scattering efficiency for parallel and
perpendicular polarizations from a small spherical particle in the Rayleigh scattering regime
[10]. For non-spherical particle or Mie scattering, the pattern of the scattering efficiency is more
complex and non-isotropic [10].
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Fig. 1. Principle of signal detection in DOPU from tissue. (a) DOPU image of retina. (b) and
(c) detection of backscattered light through a flat and a rough surface, respectively. (d) The
scattering efficiency polar plot for perpendicular (red) and parallel (green) polarizations and
unpolarized (blue) incident light from a small spherical particle. S: scatter; CL: collecting
lens.

When light shines on tissue, some light gets reflected back by the tissue surface (as shown
by the green arrows in Fig. 1(b) at depth zp). The reflected signal is detected and shown at
the tissue surface on the DOPU image. If any depolarization is caused by surface reflection,
it would be shown as low DOPU signals at the surface. After light entering the tissue, some
light can be scattered back by particles inside the tissue (e.g. the scatter S at depth z). The
depth location of the scatter S is resolved and obtained by the coherence gating of the PS-OCT.
Whether the polarization of the scattered light is maintained or changed from the incident light
depends on the shape and size of the particle and the scattering angle. As shown in Fig. 1(d),



Research Article Vol. 12, No. 8/1 August 2021/ Biomedical Optics Express 5078 |

Biomedical Optics EXPRESS A

for any scattering angle, except 6 =0° and 180°, the scattering efficiencies are different for
light in the parallel and perpendicular polarizations respectively, with more preferable intensity
in the perpendicular polarization to the scattering plane. Such difference further increases as
the scattering angle approaches 0 =90° or 270°. For non-spherical particles, the pattern of
scattering efficiency becomes more complex and more significant depolarization can occur than
for spherical particles. In DOPU image, the depolarization caused by non-spherical particles are
located and differentiated in specific layers or regions, such as the RPE layer in retina (located at
depth z in Fig. 1(a)).

Furthermore, when the backscattered light returns back to the tissue surface boundary, refraction
occurs which deviates the light direction based on the local normal of the surface. Only the light
that falls inside the light cone of the collection lens can be detected by the system. For a relatively
flat surface as shown in Fig. 1(b), OCT detects those photons that are scattered near the exact
backscattering direction within a small light cone determined by the numerical aperture (NA)
of the collection optics. The polarization states of the scattered photons are mostly maintained
and DOPU=1 because the scattering angle 0~180°. For a relatively rough surface as shown in
Fig. 1(c), the rough surface can be regarded as an ensemble of many small sub-surfaces with
randomly tilted angles. Those small sub-surfaces refract the backscattered photons to different
directions and further broaden the range of the scattering angles of the photons that can be
collected by the OCT system. For the photons that have been scattered at angles 0+180°, change
of the polarization from incident light occurs because the scattering efficiencies for the parallel
and perpendicular polarizations are different. In this situation, the spatial fluctuation of the rough
surface increases the randomness and broadens the range of the scattering angles captured by the
OCT system, which results in higher randomness of polarization states and thus a lower DOPU.
While the depolarization is originated by scattering, the rough surface enhances the detection of
those photons that would normally not be detected in an exact-backscattering detection geometry.
As refraction on the surface boundary occurs to all the backscattered photons coming from below
the surface, the impact of surface roughness on DOPU should affect all the pixels below the
surface. To quantify the effect of refraction by the surface on DOPU, a selected band below the
tissue surface will be used as described in Section 2.4.

While OCT detects mostly single-scattered photons, multiple-scattered photons could also
possibly be detected [42]. Multiple scattering is known to depolarize light after the photons have
been scattered and changed directions for multiple times. Separating the single-scattered and
multiple-scattered photons is a meaningful yet challenging question, and is out of the scope of
the current work.

2.4. Quantification analysis

From the PS-OCT system, both intensity and DOPU contrast images are obtained. In the intensity
OCT images, strong reflections are normally observed at the tissue surface. These reflections
may cause a glaring effect that disturbs the Jones Matrices measured at the surface boundary.
Moreover, OCT signal intensity is attenuated as light penetrates deeper into tissue, causing a
drop of signal-to-noise ratio (SNR) in the deep regions. Therefore, both the surface glaring
and the attenuation of SNR in the deep regions can result in a reduced reliability in DOPU
calculation. To obtain a consistent and reliable quantification of DOPU for the various tissue
phantoms and roughness regions, a spatial band is selected below the surface. Since refraction
on the surface boundary occurs to all the backscattered photons coming from below the surface,
the DOPU quantification obtained from the band can still represent the impact from the surface
roughness. A custom-built segmentation algorithm is first applied to detect the tissue surface
based on information from the OCT data volume. Afterwards, a thin band with a height of 20
pixels is selected after excluding the first 3 pixels below the tissue surface. Within the selected
band, the average DOPU is calculated, and a new quantity named partial scrambling ratio (PSR)
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is defined as follows,

Number of DOPU Pixels € (ai, ap)

PSR =
Number of DOPU Pixels € (0, 1]

3

Here, the pixel numbers are counted from the DOPU data volume within the selected band. In
the numerator, only the pixels considered to exhibit “partial scrambling” are counted, which is
defined as a DOPU value in the range (a1, a»), In the denominator, the number of pixels with
DOPU values in the range (0, 1] are counted for the purpose of normalization. Pixels with
intensity SNR < 13 dB are set as background and assigned a value of DOPU = 0, where those
pixels are excluded in the calculation of DOPU and PSR to reduce the influence of noise. PSR can
quantify how a sample scrambles polarized incident light to partially polarized light. In this study,
a; and a; were determined empirically to be 0.6 and 0.95, respectively. The pixels with DOPU <
0.6 are considered to be depolarized, and those with DOPU >0.95 as polarization-maintaining.
The pixels with DOPU values between 0.6 and 0.95 are considered to exhibit partial scrambling.

3. Results

3.1. PS-OCT imaging of skin phantoms

PS-OCT imaging is applied on the four skin mimicking phantoms containing different surface
roughness regions. Images of both the intensity and DOPU contrasts are obtained. The intensity
contrast shows the morphology of the tissue phantom while the DOPU contrast has the capability
in detecting light depolarization, which is affected by scattering inside tissue and surface
conditions [41]. Figure 2 shows the PS-OCT imaging results from regions R1 to R7, respectively,
of phantom P3. The left column shows the en face intensity projection image, the middle column
shows a representative cross-sectional B-scan intensity image (grayscale) and DOPU image
(colored), and the right column shows the DOPU histogram. Each histogram is generated from 4
repeat-measurement data volumes, where each volume contains 250 B-scans.

First, the en face intensity projection images show the tissue morphology in a top-down view.
From region R1 to R7, granular patterns are observed, which gradually change from fine to
more coarse patterns; large holes are also observed in R6 and R7, which indicate a high surface
roughness. Second, from the B-scan intensity images, the surface profile of the tissue phantom
can be observed, which is only limited by the resolution of the PS-OCT system. From R1 to
R3, little change in the surface profile is observed because the roughness levels are below the
system resolution. However, from R4 to R7, gradually increasing roughened surface profiles
are observed. While the intensity OCT image can visualize the surface roughness directly, it is
limited to roughness levels that are above its spatial resolution. In other words, intensity OCT
images are not sensitive to micro-roughness features that are below the system resolution. Third,
from the B-scan DOPU images, the increasing surface roughness from R1 to R7 is sensitively
detected by an increasing number of pixels with lower DOPU values, indicated by the pixels
colored by yellow to green. For example, in R1, the DOPU image shows almost no depolarization
(DOPU =1, all red color). In R2 and R3, the DOPU images clearly show a few yellow speckles
(slightly lower DOPU values). More yellow to green speckles are shown in the DOPU images
from R4 to R7, indicating a further decrease in DOPU. Finally, the DOPU histograms show a
consistent trend of changes as the surface roughness increases. Each histogram distribution has
been normalized to have a total area equal to one and thus can be viewed as a probability density
function of the DOPU distribution. As roughness increases from R1 to R7, the peak of the DOPU
distribution shifts towards the left (lower DOPU), and the distribution function becomes more
broadened and skewed towards the left. In the histogram, the average and standard deviation of
DOPU are also calculated, where the average DOPU is found to decrease consistently from R1 to
R7. In the skin phantom, DOPU detects surface roughness with very high sensitivity, even for
roughness levels below the spatial resolution.
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Fig. 2. PS-OCT imaging of different roughness regions from R1 to R7. Left column:
en face intensity projection image; Middle column: B-scan intensity image (grayscale)
and DOPU image (colored); Right column: DOPU histogram. The average and standard
deviation of DOPU are also shown in each histogram. Scale bars are 500 um.
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3.2.  Quantification of surface roughness

Quantification of surface roughness has been reported using a morphological analysis based
on OCT intensity signals [23]. This method evaluates surface roughness by calculating the
difference between the surface profile and its corresponding fitted curve in a B-scan image. We
also applied this method to the intensity images acquired by the PS-OCT system on regions R1
to R7 to calculate the RMS roughness, as shown in Fig. 3(a). From R4 to R7, the intensity-based
method shows the correct roughness. However, for R1 to R3, the measurement plateaus at the
resolution limit as those roughness levels are below the spatial resolution of the system.
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Fig. 3. Quantification of surface roughness. The X-axis shows the known, fabricated
roughness values, and the Y-axis shows the roughness measured from intensity image (a),
and PSR calculated from the DOPU image (b). The dashed line shows the resolution limit
of the system. The known roughness values of R1 to R7 are 1.1, 2.2, 4.5, 9, 18, 34, and 68
um, respectively. Error bars show the standard deviation among different B-scans.

On the other hand, DOPU can differentiate surface roughness with high sensitivity even below
the resolution limit. Figure 3(b) shows PSR for the roughness levels R1 to R7. PSR increases
consistently as the roughness level increases from R1 to R7. It is shown that PSR can differentiate
all the measured roughness levels in the skin phantom, especially for the micro-roughness (<
10 um) which cannot be detected by the intensity-based method.

3.3. Measurements from phantoms with various optical properties

The four phantoms P1, P2, P3, and P4, with different optical absorption and scattering coefficients,
have been measured by PS-OCT. Figures 4(a) and 4(b) show the average DOPU and PSR,
respectively, for the different roughness regions from R1 to R7. Each region is measured four
separate times to ensure repeatability, and the error bars show the standard deviation among
the four measurements. As the roughness level increases, a positive correlation in PSR and a
negative correlation in DOPU are consistently observed for all four phantoms. This kind of
correlation is consistent for all the phantoms even though they have different absorption and
scattering coefficients.

To investigate the influence of the absorption and scattering coefficients on DOPU, the DOPU
obtained from the same roughness regions (e.g. R1 or R4, as indicated by the arrows in Fig. 4(a))
are compared among the four phantoms. Figures 5(a) and 5(b) show the relationships between
DOPU and absorption coefficient u,, and reduced scattering coefficient u;, respectively. As we
can see, lower DOPU is associated with a higher y and lower u,. The physical mechanism of
this effect is not clear yet and we suspect that it is possibly related to multiple scattering. As p
increases, a medium with higher scattering will cause more multiple-scattered photons, which
results in depolarization. As u, decreases, more photons will be detected from deeper regions,
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Fig. 4. Measured results of DOPU (a) and PSR (b) for the four phantoms. For each
roughness level, the data points are slightly shifted horizontally for easier visibility. The
roughness values of R1 to R7 are 1.1, 2.2, 4.5, 9, 18, 34, and 68 um, respectively. Error bars
show the standard deviation among four repeated measurements.

which tend to have higher amounts of multiple scattering and depolarization. The situation
becomes more complex when the effects of y and u, oppose each other, such as in phantom P4
where both u and u, are relatively low. In Fig. 5(a), while both P2 and P4 have low absorption
coefficients, P4 shows a higher DOPU than P2 because P4 has a lower scattering coefficient.
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Fig. 5. (a) DOPU versus absorption coefficient u,and (b) DOPU versus reduced scattering
coefficient u; . The DOPU values are measured at the same roughness level at R1 = 1.1 um
or R4 =9.0 um, respectively.

3.4. Refractive index matching for reducing surface effects

To examine the impact of surface roughness on DOPU, experiments attempting to match the
refractive index at the tissue surface were also carried out. The above-mentioned experiments
were carried out with air as the medium above the tissue surface (i.e. no index matching). A
layer of water was applied to the phantom P2 to reduce the surface effect through improved index
matching. Figure 6 shows the intensity and DOPU images with (right) and without (left) an
affixed layer of water. A piece of cover glass was used to hold the water layer in place. In the
intensity B-scan image (Fig. 6(a)), the surface area shows very high backscattering intensity due
to surface reflection. After applying a water layer, the surface reflection is significantly reduced
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as shown in Fig. 6(b). Comparing the DOPU images in Figs. 6(c) and 6(d), a slight reduction of
yellow speckles is observed when index matching is applied, especially from the surface area.

In air
Intensity B-scan

With water on top

DOPU B-scan

=

Cover glass

o

Fig. 6. Comparison of PS-OCT images without or with index matching, measured in air
or with a water layer on top of the phantom, respectively. Intensity image (grayscale) and
DOPU image (colored).

Figures 7(a) and 7(b) show the average DOPU and PSR, respectively, for the roughness
regions from R1 to R7, with and without index matching. With index matching, the DOPU
value is found to be higher than that without index matching, indicating reduced polarization
scrambling. Similarly, a lower PSR is obtained with index matching compared to without index
matching, which corresponds to lower polarization scrambling. By applying an index matching
water layer, the surface effect is significantly reduced, which results in the reduction of the
depolarization effect caused by irregular surface boundaries. This demonstrates that the DOPU
features measured from within tissues are sensitive to surface conditions. Since the refractive
index of water does not completely match with that of the tissue, the correlation between DOPU
or PSR and the surface roughness are still observed, where a decreasing DOPU and increasing
PSR are observed with increasing roughness.
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Fig. 7. Quantification of DOPU (a) and PSR (b) without or with index matching, measured
in air or with a water layer on top of the phantom, respectively. The roughness values of
R1toR7are 1.1,2.2,4.5,9, 18, 34, and 68 pm, respectively. Error bars show the standard
deviation among four repeated measurements.
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3.5.  Skin imaging

To validate the capability of DOPU in skin assessment, preliminary in vivo skin imaging was
carried out on two volunteers. The study has been approved by the University of British Columbia
research ethical board under H19-02887 and informed consent has been obtained from the
volunteers. Figure 8 shows the PS-OCT images measured from the ventral forearm of a male
(first column), the ulnar palm edge of a female (second column), the ulnar palm edge of the same
male (third column), and a healthy pigment mole on the arm of the same male (forth column).
The en face intensity projection images are shown in the first row, the B-scan intensity images
in the second row, and the DOPU images in the third row. The en face intensity projection
image shows the top-down view of the skin morphology, where the ventral forearm shows a
regular furrow pattern and the palm edge shows fewer furrows but more scale-like patterns. The
B-scan intensity image shows the cross-sectional view of the skin, where multiple layers can be
differentiated. In the palm edge, the stratum corneum (SC), stratum spinosum (SS), and dermis
can be differentiated. In the ventral forearm, as the skin is much thinner [43], only the epidermis
and dermis can be differentiated. In the DOPU image, a distinct yellow band is observed in
the palm edges, similar findings were also reported by PS-OCT imaging on thick skin sites
[31-32]. The lower DOPU value (yellow band) indicates that this layer of tissue tends to have
high polarization scrambling. The thickness of the low DOPU band in the palm edge of the male
and female volunteers is about 60 um and 20 um, respectively. The yellow band is not observed in
the forearm, which is also consistent with literature [31]. Considering the anatomy and features
of the skin layers, this highly depolarizing layer is likely the SC [31-32]. SC is the first layer
of skin and is composed of multiple layers of flattened cells with no nuclei or cell organelles
[44]. In the B-scan intensity image, the first low scattering layer corresponds to the SC where
the lower scattering is mainly due to the cells containing no nuclei. Cell nucleus is a major
structure for scattering light due to its high refractive index from condensed DNA. The next high
scattering layer is likely the SS, which consists of more roundish cells that contain nuclei [44].

Ventral forearm Palm edge - Female Palm edge - Male

DOPU B-scan

Fig. 8. PS-OCT imaging of human skin. (a) En face intensity projection image, (b) B-scan
intensity image, and (c) B-scan DOPU image. From left to right are four cases measured
from the ventral forearm, ulnar palm edge of a female, ulnar palm edge of a male, and a
healthy pigment mole, respectively. ED: epidermis, D: dermis, SC: stratum corneum, SS:
stratum spinosum. The mole region is marked by a dashed circle or box. Scale bars are
500 pum.
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The yellow band in the DOPU image matches with the low scattering layer in the intensity image.
The flattened cells in the SC can be considered as non-spherical scattering particles, which can
depolarize light. Compared to the palm edge, the forearm has a much thinner SC which only
contains a few cell layers; therefore, depolarization is not observed in the DOPU image of the
forearm. To validate that the yellow band is exactly the SC, histopathology will be required in
future studies. In the fourth column, the mole can be observed as a relatively low intensity region
in both the en face and B-scan intensity images. In the DOPU image, slightly lower DOPU value
(more yellow pixels) is observed in the mole region than in the surrounding area. The higher
depolarization in the mole region is likely caused by the higher concentration of melanin because
melanosomes are considered as non-spherical particles.

4. Discussions and conclusion

The polarization and depolarization properties of skin can be important biomarkers for skin
cancer detection. However, depolarization of light in tissue is complex because there are multiple
mechanisms that can depolarize light, such as scattering from non-spherical particles, surface
roughness, and multiple scattering. PS-OCT has the potential to differentiate the different
mechanisms based on its high resolution in 3D and high sensitivity to depolarization. First,
depolarization caused by scattering from non-spherical particles is usually highly localized in
tissue. For example, a yellow band (low DOPU value) is observed in the top-layer of epidermis
in thick skin which is likely due to depolarization from flattened cells in the stratum corneum.
Another example is the RPE layer in retinal imaging, where RPE shows significantly lower DOPU
due to the scattering from melanosomes which are ellipsoid shaped [26]. Second, the surface
roughness can affect the depolarization through reflection and refraction. The surface reflected
signal is shown on the surface of the tissue in the DOPU image. Currently this part of the signal
is not included in our DOPU analysis due to the glaring effect. The glaring effect caused by
strong reflections may disturb the Jones matrices measured at the surface boundary. In the future,
it may be possible to reliably analyze this part of the signal when index matching is applied to
reduce surface glaring. On the other hand, refraction on the surface boundary affects all the
backscattered photons coming from below the surface. We have proposed a mechanism how
refraction affects the depolarization in Section 2.3. Basically, the spatial fluctuation of the rough
surface increases the randomness and broadens the range of the scattering angle captured by the
OCT system, which results in a lower DOPU. The change of DOPU due to refraction on rough
surface affects all the pixels below the surface, and thus it can be regarded as a global or average
change of DOPU over the entire tissue thickness. Third, depolarization due to multiple scattering
is suspected to impact the photons that have been detected at deeper regions. Separating the
single-scattered and multiple-scattered photons is a challenging question and more investigations
are necessary in the future. Therefore, by analyzing the 3D DOPU image at different depths and
regions, it is possible to differentiate the different mechanisms of depolarization. Furthermore,
the multiple contrasts in PS-OCT such as the intensity contrast and birefringence contrast can
further improve the characterization of the surface profile and layered tissue structures, providing
additional information for understanding depolarization in tissue.

Currently, our approach controls the noise effect by setting a threshold of SNR > 13 dB on
the pixels where DOPU is computed. For future work, improving the algorithm of DOPU will
be investigated to further reduce the effect of noise. Makita et. al. developed a de-noising
algorithm (M-DOPU) which has been shown to be robust to noise and can improve DOPU image
quality especially when the SNR is relatively low [45]. In the future, we can apply the M-DOPU
algorithm for improving the quantification of depolarization in skin imaging.

For future work, we will apply PS-OCT imaging to characterize skin lesions. For characterizing
skin lesions, the melanin concentration, surface roughness, and collagen organization may change
their properties over time and location during the formation and progression of melanoma.
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Melanoma contains a higher degree of skin pigmentation due to melanin and the skin surface
becomes smoother as melanoma progresses. Using a mouse model, Ceolato et al. reported that
melanoma evolved towards a glossy surface as the result of a decrease in surface roughness [19].
They have measured an increase in DOP in melanoma compared with healthy skin. A recent
study has shown that the stiffness and alignment of the extracellular matrix of collagen have a
close connection with the metastasis of tumor cells during the development of melanoma [46].
PS-OCT has multiple imaging contrasts that can provide a comprehensive characterization of
melanoma. The intensity contrast can visualize the morphology of skin layers and especially
the surface profile in 3D. The DOPU contrast can assess the depolarization in tissue, which is
related to surface roughness and scattering from non-spherical particles such as melanosomes.
Although not shown in this paper, our PS-OCT system can also acquire phase retardation image
that can detect tissue birefringence [37,47]. Tissue birefringence is highly sensitive to collagen
fiber organization and orientation, which is useful for characterizing collagen disruption during
tumor growth. Therefore, by integrating the information from the multiple contrasts acquired
simultaneously in a single 3D measurement, PS-OCT can be a potential clinical tool to study
melanoma progression.

In summary, this study investigates PS-OCT imaging, especially the DOPU contrast, for
characterizing the depolarization property of skin tissue. To investigate the impact of surface
roughness on depolarization, skin phantoms with various surface roughness levels and optical
properties mimicking skin are imaged and the DOPU values are quantified and compared.
The result shows a correlation between DOPU contrast and surface roughness, where a higher
roughness corresponds to a lower DOPU value. By applying an index matching, such effect is
significantly reduced, which confirms the impact of surface condition on light depolarization.
Through preliminary in vivo skin imaging, the capability of DOPU in detecting depolarization in
skin is further demonstrated. By utilizing the 3D spatial information benefited from PS-OCT
imaging, DOPU can offer a high-resolution depth differentiation as well as precise quantification
of depolarization in tissue.
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